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SI. INTRODUCTION

The purpose o- this program is to investigate the effect of metastable

Fexcited states of atoms and molecules on chemical reactions that are of

importance in the upper atmosphere. The majority of laboratory studies of

these reactions use flowing afterglow systems in which reactive species are

produced in a discharge and then allowed to react with other species in a

flowing afterglow. Since these systems are usually monitored optikally, it is

difficult to obtain information concerning long-lived excited species directly.

Many of these species contain significant energy of excitation which can alter

their chemical properties markedly as compared with those of their ground

states. It is desirable, therefore, to have available an experimental technique

that would allow a direct assessment of the importance of these metastable

states. Such a technique is that of molecular beam magnetic resonance, which

permits a direct sampling of the metastable states present in the reaction

system. Its preliminary application to this problem will be discussed in this

report. z

Thp fr p"- se - - L- .-- : r W,. ilhi ive:LigzLion o

the states of the various neutral atomic and molecular species produced by

a microwave discharge in oxygen gas. The work must be limited to neutral

species since ions are removed from the molecular beam by the magnet

system in the apparatus. This is both a disadvantage and an advantage-, since,

while it prevents a direct examination of the states of the ions present in the

discharge, it allows a freedom from the sampling problens associated with

* :the extraction of charged particles from a plasma.

It is possible to predict, a priori, what the possible products of such

a discharge are and the question of interest is what impo-tance to attach

to these vaiious species. With the exception of the ionic states, the most

important metastable states are the a Ag, b g,+ and C A. states of 0
1 1 5g

and the D, S, and So states of atomic oxygen. These molecular states

will be of importance not only in their ground vibrational level but also in

levels having higher degrees of vibrational excitation. This preliminary work

will not consider vibrational excitation; it will only be concerned with electronic

and rotational excitation.
RM-2156-P-1



I. SCOPE OF WORK

This report will discuss the results obtained during the first year's

effort using the molecul.ar beam magnetic resonance technique. Since this

represents the first time that this apparatus has been applied to problems

of this type it was necessary to expend a substantial amount of effort directed

toward maximizing the detection sensitivity of the system and in obtaining

data about the electronic ground state of 02* This particular portion of the

work was supported by an internal research grant from CAL.

The sensitivity of the detection system of the apparatus was increased

substantially by the installation of a digital, fast-averaging signal processing

computer following the electron bombardment beam detector. This modifica-

tion -made possible the observation of Zeeman transitions in rotational levels

of 3 0 up through the K = 33, J = 34 level in a room temperature beam.

In this work a search was made for the presence of the metastable

states mentioned in Section I with the exception of the b I E+ and C A
C -_ __ -= -. 0.Z, "" Le c i dLOirlic oxygen in a beam resulting from the

effusion of gas from the discharge region. One of the problems associated

with flowing afterglow systems is that it is generally not possible to observe

the processes occurring directly in the discharge region. The molecular

beam technique allows such observations to be made since the discharge may

be directly sampled and the identific-ition of the species carried out at a point

e).ternal to the discharge region. Also all chemical reaction stops when the

beam leaves the source tube, thus allowing an accurate sampling of the neutral

composition of gas in the discharge.

The results of this search will be discussed in Section IV of this report.

These results should be regarded as preliminary since it is highly probable

that the concentration of a given excited species in the discharge will depend

on such things as the purity of the gas and on interactions with the walls of

the discharge tube. No attempts were made to purify the oxygen gas used in

this work and questions concerning the effects of impurities will be left for

future work.

2 RM-2156-P-i



I
I

III. EXPERIMENTAL TEC__NIQUE

p A. Molecular Beam Magnetic Resonance

The experimental method employed in this work is that of molecular

beam magnetic resonance. The general technique of molecular beams hasFI 1been treated in great detail in the literature and will not be discussed here.

Only those properties of molecular beams which pertain to the present appli-

cation will be discussed.

In the molecular beam magnetic resonance method the molecule in

question is contained in a collision free beam and therefore is subject only

FT to perturbations that are intentionally applied. The beam is produced in
a source that populates many energy ievels and thus it is possible to observe

many independent res.,nances and many pieces of independent data can be

F obtained.

The signal-to-noise ratio of the beam technique is independent of

frequency and resonances can be observed at low radio frequencies and weak

magnetic fields. Therefore, it is possible to study the molecule under condi-

tions such that it is subject to only very weak perturbations. This often

results in a great simplification of the interpretation cf the data. The reso-

* lution of the beam technique is limited by the quality of the magnetic fields

used and the length of time that the molecule spends in these fields.

The molecular beam technique does have some disadvantages, the

1 main one of which is the intensity of the resonances observed. Since the

beam is neutral and cannot be focused in the sense that an ion beam can, the

intensity is limited by the solid angle from the oven subtended by the magnet

*i system. This is generally not a serious limitation, however, since beam

techniques have been perfected to a high degree and the signals involved can

be detected with sufficient sensitivity.

The energy of a paramagnetic molecule in a magnetic field can be

written in the form

3 RM-2156-P- 1
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where Peff is the effective magnetic moment of the molecule in the magnetic

field. Differentiation of equation (1) gives

W dH
= - eff -5

bW H

where the magnetic field is taken in the Z direction. Comparison of equations

(2) shows that

fleff - H (3)

Therefore the effective magnetic moment of the molecule is given by the slope

of the ene(rgy levels. These slopes correspond to a magnetic moment of about

one Bohr magneton.

If a paramagnetic molecule is placed in an inhomogeneous magnetic

field it will experience a force given by

FZ = ef (4)z fleff dZ

A beam of molecules passing at right angles through such a field will be

deflected and split into components corresponding to the two possible signs

of eff. Thus a magnet of this type can be used to polarize a molecular

beam and a second magnet can be used to ana]yze the polarized beam. This

is the basis of the molecular beam magnetic resonance method.

The experimental arrangement is shown in Figure 1. The entire

system is contained inside a vacuum chamber which can be evacuated to a
-7

pressure of about 10 torr. The beam is produced in a source located at

the origin of the coordinate system. After collimation by a slit, the beam

passes into the "All magnet -hich has six poles and is similar to the magnets

RM-2156-P-l
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used by the atomic beam group at Princeton University This magnet pro-

duces a field that is radially outward and has a large radial gradient. Mole-

cules that enter the magnet with M > 0 will be deflected toward the axis of

the apparatus while molecules with M < 0 are deflected outward. This magnet
is adjusted so that most of the molecules that pass through it and can enter

the entrance slit of the "B" magnet must have M > 0.

The "B" magnet is a two-pole magnet similar in design to a magnet
a

used by the Princeton group and has the property of deflecting moleculz;s

with M > 0 downward in Figure 1, and molecules with Mj < 0 upward. Thus

most of the molecules entering the "B" magnet are deflected into the pole tips

and cannot pass through "B" magnet exit slit.

The region between "A" and "B" magnets contains a homogeneous

magnetic field produced by the "C" magnet. This region also contains a
"radio frequency loop" through which the beam passes. If the frequency of

the RF in the loop and the magnitude of the magnetic field are adjusted to

correspond to the difference between the proper two energy levels the sign

of the magnetic moment of the molecules in the beam can be reversed. Thus

a molecule with MJ > 0 in the "A" magnet will have MJ < 0 in the "B" magnet.

The molecule will now be deflected so that it passes through the exit slit of

the "B" magnet, and, if a detector is placed behind this slit it will detect

molecules only when they undergo a transition in the "C" field. Thus an

apparatus of this kind can be used to measure the frequency and magnetic

field at which transitions will take place between the energy levels of the

molecules.

A typical trajectory is shown in Figure 1. Here the solid lines

represent molecules that have undergone a transition. The measurem6.lt

is usually made by holding the value of the "C" field constant and varying

the frequency of the RF until a resonance is observed in the detector.

The resonance line width that is observed depends on the homogenity

of the "C" field and on the length of the RF loop. In the early experiments

discussed here it is not desirable to have too narrow a line width because of

6 RM-2156-P- 1
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Fthe search problem in locating lines. The line widths observed are usually

satisfactory and can be made very small if the need arises.

In the actual apparatus the "A" and "B" magnets are permanent magnets

and are located inside the vacuum envelope. This results in a less complex

as well as a more stable system. The "C" magnet is a 4" electromagnet and
is located outside the vacuum envelope.

The apparat is is shown in Figure 2. The system is differentially

pumped so that the pressure varies from about 10- 6Torr in the source

chamber to 109Torr in the detector chamber. The most novel part of the

apparatus is the beam detector which is described in Appendix B. The out-

put of this device is amplified by a 14-stage copper-beryllium electron

multiplier and the resulting signal processed by a fast averaging electronic
3

system . The resulting data Fre stored in a magnetic core memory and can

be read out after the desired observation time has elapsed. This detection

system has been shown to have sufficient sensitivity to detect a resonance in
4

the K = 33 rotational level of a room temperature beam of molecular oxygen

B. Molecular Beam Source

The molecular beam source used in this work consists of a quartz

discharge tube located in a microwave cavity of a design used by Fehsenfeld
5

et. al. . The end of the tube is closed with the exception of a hole 0. 042 cm

in .iiameter through which the beam molezules effuse. The discharge region

extends up to this hole so that this region itself is sampled by the molecular

beam. The discharge tube is not cooled and is fcund to operate satisfactorily

over the long period of time necessary for the detection of metastable states

in the oxygen system.

A view of the source tube and cavity is shown in Figure 3. The outer

cooled radiation shield is not used in the work herein reported. The discharge

is excited by 2450 mc radiation produced by a Raytheon Microtherm. Typical

operaing conditions are about 50 watts input to the cavity with 3 watts reflected.

S7 RM-2156-P- 1
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Figure 3 VIEW OF SOURCE
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The oxygen used in this work was tank oxygen, employed without

further purification. The gas was mass analyzed, with results here presented

in Table I. The optical spectrum of the discharge was observed and the results

are reported in Section IV-G.

Component Percentage Concentration

0 2 98%

N 2  1
HzO1

Table I. Mass Analysis of Oxygen Gas Used.

C. Experimental Procedure

The primary observable in an experiment of this type is a transition

frequency. From a measurement of this frequency and a knowledge of the

magnetic field in the resonance region of the apparatus the g-factor of the

state being observed can be calculated. This g-factor is a property of a given

atomic or molecular state and serves to identify that state in the beam. The

species that is being observed is determined by the mass spectromer in the

beam detector.

In operation either the magnetic field or frequency is scanned in

synchronization with the channel advance of the pulse height analyzer. The

arrangement for frequency sweep is shown in Figure 4 and that for magnetic

field sweep in Figure 5. The systems are entirely equivalent and both were

used for the present work. Both systems are extremely stable, thus making

possible the long search times necessary for the detection of weak signals.

was not uncommon for a search to extend for 12 - 15 hours in order to detect

some of the high rotational levels of the ground state of O 2 .

The magnetic field in the resonance region was calibrated by the

observation of a resonance of known g-factor. In early work a beam of K 3 9

was used to check the g-factor of the lower rotational levels of the 3Eg

ground state of 0 2 In later work these g-factors were used to determine

10 RM-2156-P-1
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r the resonance magnetic field. This procedure is certainly justified to an

I :accuracy necessary for the identification of the states present in the beam.

Pressure in the molecular beam source was monitored by means of
a thermocor.e gauge. Only approximate pressures were necessary and

t therefore the gauge pressures were not calibrated against an absolute standard.
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IV. EXPERIMENTAL RESULTS

A. X 2 - Electronic Ground State of 02
g

Since the most abundant component of any molecular beam c-,.naining

oxygen is the 3 - state of 0 it was necessary to understand this state be-g2
fore any work could be done on excited states. The Zeeman effect in this

state has been studied previously 6 ' 7 and the work done here serves to

confirm and extend the earlier work to higher rotational states. With the

present apparatus it has been possible to observe rotational levels as high

as K = 33, J = 34 in the ground state of 0 Since this work is not directly

related to this report it is discussed in Appendix A.

1
B. a 1 Electronic State of 02g2

This state has been observed previously by paramagnetic resonance

in flowing afterglows 9 and it was the purpose of the present work to determine

whether or not the state was produced directly in the discharge or was a

product of reactions in the afterglow. It has been proposed that this state is

a product of reactions present in the discharge and that it is produced by the
10

following mechanism :

023 ,g-) + e -> 0 (ID) + 0 (3 P) + e

02 (32 g-) + 0 ( D) -> 0 2 g) + (3 P)

If this mechanism is correct then not only Ehould the state be observed directly

in the discharge but its concentration should go as the square of the concentra-

tion of 02( 3 E g).

The vector model and also the high magnetic field results 9 predict

that the lowest rotational level of this state should have a g-factor of 0. 6667

and a J of 2. Since J is integral there will always be a magnetic substate

with Mi = 0, and therefore it is necessary to observe either multiple quantum

transitions or the transition Mi = +1 -> Mi = 0. These two types of tran-

14 RM-2156-P-1
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sitions can be selected by the placement of the beam exit slit. Attempts were

first made to observe the multiple quantum transitions but these were un-

successful, probably due to insufficient RF power in the transition region.

The J = 2 level of the 1A state was detected by the use of theg

AMj = -1 transition discussed above and the results of a typical run are

shown in Figure 6. Here the resonances for the I Lg, J = 2 and the 3 L; ,

K = 3, J = 4 states are shown directly as they were read out of the pulse

analyzer. In this run the mass spectromer was tuned to mass 32, thus con-

firming the assignment of these states to molecular oxygen. Both of the

resonances were observed simultaneously by sweeping the frequency of the

RF applied to the hairpin while the magnetic field was held constant. This

run required approximately 4-1/2 hours and represents about 3500 scans

through the frequency region. The discharge was operated at an input power

of about 50 watts with 3 watts reflected from the cavity.

The use of the observed transition frequencies and the known g-factor

of the 3, 4 state which serves to calibrate the magnetic field results in the

following measured g-factor of the 1A , J = 2 state:

g ( A , J 2) = 0. 75 _ 0. 02g

This value differs from both the vector model and the high field results9 by

about 12%, but this is satisfactory agreement for the identification of this

state as a component of the beam. The origin of this discrepancy is not clear

at present, but it is not unusual for g-factors to vary with the magnetic field.

Work is currently under way to remeasure the g-factor and attempt to resolve

this lack of agreement. For the purposes of this report this lack of agreement

is relatively unimportant. The observation of this state in the beam confirms

the previous assumption, i. e. , that it is produced directly in the discharge.

In order to obtain information concerning the production mechanism
I

of the A state in the discharge the following experiment was performed.
g 3

The resonance of the 3[- K = 3, J = 4 and the IZg J = 2 states weregg
simultaneously observed and their intensities compared as a function of the

15 RM-2156-P- 1
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rgas pressure in the discharge tube. The beams machine was not disturbed

during these measurements so that the intensities of the resonances should

be a good measure of the relative concentrations of the species in the beam.

As long as this concentration in the beam is directly pioportional to the con-

centration in the source these results should provide a reliable measurement

of the relative concentrations of these species in the discharge.

The results of these measurements are shown in Figure 7 where the

observed intensity of the J = 2 resonance is plotted as a function of the observed

intensity of the K = 3, J =4 resonance. The approximate pressure range over

which these measurements extend is 0. 76 to 1. 40 Torr. This range was limited

on the low side by signal intensity and on the high side by source conditions

necessary for the formation of a molecular beam. Although there is con-

siderable scatter in the data due to the weak signals involved, the data seem most

consistent with a straight line through the origin rather than a quadratic curve.

These data suggest that the previously proposed mechanism for the production

of the I Z state is incorrect and that the correct mechanism is one that is
g 3

first order in the 0. g concentration.

The above result would be subject to criticism if the concentration of

a given state in the beam were not directly proportional to the concentration

of that same species in the source. In order to check on this point the source

tube was filled to approximately 0. 1 Torr with argun and the direct argon

beam detected by placing the beam exit slit on the beam axis. A resonance

was not observed; only the intensity of the direct beam was followed during

the measurement. Oxygen gas was admitted to the source tube without chang-

ing the partial pressure of the argon and the intensity of the argon beam was

observed as a function of the total pressure in the source tube. The results

are shown in Figure 8, in which the intensity of the argon beam is plotted as

a function of the total source pressure. It can be seen that the intensity of the

argon beam is constant over the range from 0 to 1. 4 Torr and then drops only

slightly for pressures up to 2. 0 Torr. 1his shows that the intensity of the

argon beam is a good measure of the concentration of argon irn this particular

source tube over the entire range of pressures used in obtaining the data of

Figure 7. Therefore the results of Figure 7 should be valid over the pressure

range used. 17 2M-2IS6-P- I
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C. b1  Electronic State of 0
g

Sir.ce this state is not paramagnetic it is not possible to observe it by

means of the resonance technique being used in the current work. It may be

possible, however, to observe it as a component of the direct beam and this

will be attempted in the future. No data is available at present.

D. Higher Electronic Excited States of O 2

The only higher metastable electronic state of 02 that may be observa-

ble by this technique is the C 3 Au state. No attempt has been made so far to

observe this state among the products of the discharge. The probability of

producing this state in a discharge is not great and the signals due to this state,

if they are detectable at all, wil). be very weak. A search will be carried out

for this state in the future.

E. 3P Electronic Ground State of Atomic Oxygen

The electronic ground state of atomic oxygen is the most abundant

atomic state produced in the discharge. Its detection is readily accomplished

even though the use of a multiple quantum transition is required because of

the atom's integral J values. The state is actually a triplet that is split by

the fine structure interaction in atomic oxygen. The three components of the
3 P 3 3 3 3triplet are I 1, and with the P 2 state lying lowest. The P 2 and

P states both have g = 1. 500 and the 3 P 0 has g = 0. Hence only one reso-

nance is observable with the former g-factor.

The 3P state has been observed numerous times and a typical run is

shown in Figure 9. In this run the discharge was operating at about " watts

input with 3 watts reflected from the cavity. The source pressure was about

1.5 Torr and the total run time was 115 minutes. This was a magnetic field

sweep in which the RF frequency was held constant at 16. 800 mc. The mass

spectrometer was tuned to mass 16. The resonance is much stronger than

in the molecular case due to the fewer number of states over which the

available atoms must be distributed. Also the line is quite narrow due to its

being a multiple quantum transition.

20 RM-2156-P-1
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F. 5S Electronic State of Atomic Oxygen

In runs in which the 3P state of oxygen was being observed, a second

resonance was often seen with about half the intensity of the 3P state. By

using the 3P state for magnetic field calibration it was determined that this

second resonance had a g-factor of 1. 97 + 0. 05. This resonance must,

therefore, be due to an S state whose g-factor is 2. 00. An examination
11

of the energy leve± of atomic oxygen shows that the only metastable

S states are the S and a higher lying 'S. Since the g-factor of the S state

is zero this resonance must be due to the 5S state. Optical data which will

be discussed in Section IV-G bear out this assignment. A resonance in the
5S state is also shown in Figure 9.

The production of this state seems to depend strongly on the discharge

conditions since it is not always seen in every discharge. It is planned to obtain

further information concerning this matter in future work.

1
G. D Electronic State of Atomic Oxygen

The situation concerning this state is somewhat confused at the

moment. While it is almost certainly produced in the discharge, it is so

easily quenched that it may not be possible to build up a significant concen-

tration of it in the discharge region. In a number of runs resonances have

been observed with a g-factor corresponding to this state. The problem

arises, however, that the g-factor of the D state is almost the same as that

for the 1, 1 level of the X 3 - state of 0 It is possible to detect resonances

in this state of 02 with the detector tuned to mass 16 by means of dissociative

ionization. Hence one must be very careful in assigning a resonance to the

D state in the presence of a large concentration of ground state 02.
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The definite identification of this state in the discharge will have to

await future work. About all that can be said at present is that resonances

have been observed with a g-factor corresponding to that for the ID state of

atomic oxygen. The possibility that these resonances were due to the 1, 1

rotational level of ground state of 02 can not be ruled out at this time. Ex-

periments will be done in the near future using helium as a buffer gas, and

it may be possible then to make some definite statements concerning the
1

presence of oxygen D in the discharge.

H. Optical Spectra of the Discharge

As an aid to the interpretation of the beam data the optical spectrum

of the discharge was observed simultaneously with the observation of the

molecular beam. A monochromator was used as an optical spectrograph and

no attempt was made to achieve resolution higher than that necessary to observe

the line spectrum of atomic oxygen. The majority of the atomic oxygen lines

that lie in the region from 3800 to 8500 R were observed, as well as the band

systems of 0 that lie in this region. In particular, the atomic oxygen lines
2

at 3947 and 7774 were seen in the discharge. These lines are due to tran-

sitions from the 45 P and 35 P states to the 35S 0 state respectively. Since the

35S 0 state is forbidden to radiate to lower states, this result implies that,

except for chemical effects, this state should exist in a nonzero average con-

centration in the gas of the discharge. This result confirms, therefore, the

observation of a 5S state as a component of the beam effusing from the dis-

charge gas.

0
An atomic hydrogen line at 6563 A was also observed, indicating the

presence of either hydrogen gas or water vapor in the discharge gas. The

results of the mass spectroscopic analysis indicate that it is probably due to

the latter.
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V. DISCUSSION

This work has resulted in the observation of one metastable state of

molecular oxygen and two metastable states of atomic oxygen as well as the

ground states of these species in a molecular beam produced by a microwave

discharge in oxygen gas. Of these metastable states, only the A state of
g9

02 had previously been observed by means of a resonance technique . In-

formation about the other states has been inferred from cherr zal reactions

occurring in flowing afterglows or from optical data. The major significance

of the present work is the development of a technique for studying these states

in the discharge, which allows unique identification of the species. The tech-

nique should also allow information to be obtained concerning chemical re-

actions involving these species in the discharge gas or in a flowing afterglow.

it is apparent from the preceding data that it will be necessary to

control discharge conditions very carefully in future work. It will also be

important to know the composition of the discharge gas since impurities

will probably have a profound effect on the metastable states produced. These

considerations are indicated by the fact that a given metastable state is not

always found in the discharge even though the discharge conditions are thought

to be reproducible. A good example is the 5S state, which is not always seen

in the O discharge. When it is seen, the signals are sufficiently intense to

allow very little doubt about its presence. It is possible that it is easily

quenched by collision or that it is sensitive to reaction with some impurity

that may be present in extremely small concentration.

It is presently planned that future work will be directed toward

obtaining an understanding of the processes occurring in the discharge itself.

A closer control will be maintained on the composition of the discharge gas

and the effect of intentionally added impurities will be noted. It will also be

necessary to closely monitor such discharge conditions as input and reflected

RF power.
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APPENDIX A

STUDY OF THE ZEEMAN EFFECT IN O BY MOLECULAR BEAM

MAGNETIC RESONANCE *

Gilbert 0. Brink

Cornell Aeronautical Laboratory, Inc.
Buffalo, New York

As part of a program for the study of paramagnetic molecules by

the technique of molecular beam magnetic resonance the Zeeman effect

in the electronic ground state of 0 is being investigated. This state has

received considerable previous attention 1 ' 2, 3 and the present work was

undertaken in order to extend the earlier data to higher rotational levels.

The present work has resulted in the observation of all rotational states

up to and including that for K = 33 in a room temperature beam of O2 .

The apparatus is shown in the first slide. It is a flop-in type

apparatus utilizing a differentially pumped vacuum system with the

pressure varying from 10- 6 Torr in the oven chamber to 10- 9 Torr in

the detector chamber. The beam is detected by means of an electron

bombardment ionizer and mass spectrometer which has been described
4in the literature The output of the mass spectrometer is observed by

an electron multiplier and the resulting signal time averaged by a digital

fast-averaging system.

The next slide shows the resonance that was observed in the K = 1
state. If the states are labeled by the notation (K, J) the lines correspond

to the (1, 2) and the (1, 1) states respectively The position at which the

(3, 2) resonance would have appeared is shown on the slide. This line was

not observed and theory predicts that it should not be observable.

The next slide shows resonances in the next few rotational levels.

Note in particular that the (5, 4) resonance is weak compared with the (5, 6)

resonance while the (7, 6) resonance is stronger than that for the (7, 8) state.

This is not an RF power effect and its cause will be discussed later. The

theory predicts that resonances should only be observable in the (K, K) and

the (K, K+1) states of each spin triplet.

Presented at the APS Meeting, Mexico City, 29 11 August, 1966.
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The fourth slide shows the next series of rotational levels. Note

that (9, 10) is weak compared with (9, 8). Since the g-factor for the (11, 12)

and the (3, 3) states are the same they are not resolved in the present work.

FThe wing of the (13, 12) resonance is shown.

iThe fifth slide shows still higher rotational transitions. Note, in

particular, that the (13, 14) resonance is strong while that for the (15, 16)

state is weak. Again, that for (17, 18) is strong while that for (19, 20) is

unobservable and that for (21, 22) is strong. The small shoulder on the

lines are probably due to multiple quantum transition. The (11, 12) and

(3, 3) resonances are beginning to split at this field.

The next slide shows the highest rotational states observed. Here

the intensity pattern approximately repeats up to the highest state observed,

the (33, 34) state. This data represents a total scan time of 600 minutes and

approximately 9000 scans through the frequency region.

The data seems to be best interpreted by means of the energy level

diagram shown in the next slide for K = 5. It is apparent from this diagram

that resonances should only be observable in the state (5,6).

Since all of the levels for the (5, 4) state have the same slope at high magnetic

fields a resonance in this state should not be focusable in an apparatus of the

flop-in type. This same pattern repeats in the higher rotational states with

the only complication being the increasing multiplicity as K and J increase.

Therefore one would not expect to see resonances in states of the type

(K, K-i).

In order to explain the observation of these forbidden resonances it

seems necessary to assume the occurrence of a nonresonance transition of

the type L J = +2, 1A M = 0 in the region between either the A and C or the

C and B magnets. This is not the usual Majorana type transition in which

/ J = 0, /'M = +i and which is produced by a rotating magnetic field

intensity seen by the molecule as it passes through the magnet system.

It can be seen from the slide that the J = 6, M = -4 and J = 4, M=-4

levels approach each other quite closely at a field of about 175 gauss. In

fact, they approach to within 2 mc of one another. Assume, therefore,

that a molecule enters the A magnet in the (6, -4) state. On leaving the
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A and entering the C magnet the molecule must move along the energy

level curve shown. Suppose, however, that in the region between these

magnets the molecule should undergo a transition to the (4, -4) level.

The molecule could now undergo an RF transition in the C magnet to the

(4, -3) level and enter the B magnet in that level. This would correspond

to an observable resonance in the K = 5, J = 4 state. The probability of

observing such a resonance would depend on the closeness of approach of

the M = -4 states in the region between the magnets.

These considerations can be used to explain thc observation of the

other unobservable resonances in the higher rotational states. As far as

I know, nonresonance transitions of this type have not been previously

observed - probably because in the usually-studied case of atoms the levels

do not approach closely enough to make the transition probability observable.

If this situation turns out to be common in paramagnetic molecules it will

be useful in increasing the number of observable transitions in a flop-in

apparatus.

The work will be extended in the near future to the observation of

RF transition between the states of the same M at fields in the region of

the closest approach of these levels. This will allow a precise determination

of these minimum separations for comparison with the theory of Tinkham and

Strandberg.

IM. Tinkham and M. W. P. Strandberg, Phys. Rev. 97, 951 (1955)
2 J. M. Hendrie arid P. Kusch, Phys. Rev. 107, 716 (1957)
3 K. S. Bowers, R. A. Kamper and C. D. Lustig, Proc. Roy. Soc. 215A,
565 (1959)

4 G. 0. Brink, Rev. Sci. Instr., 37, 857 (1966)
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APPENDIX B

ELECTRON BOMBARDMENT MOLECULAR BEAM DETECTOR

Gilbert 0. Brink

Cornell Aeronautical Laboratory, Inc.

ABSTRACT

A molecular beam electron bombardment detector is described and

operational data are presented. The detector makes used of a Paul mass

filter to increase its versatility. The detector is calibrated by the use of

molecular beams of neon, argon, and krypton. Respective detection

efficiencies are I atom in 2400, 320 and 80.

Copy of paper published in Review of Scientific Instruments,

37, 857 (1966).
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ELECTRON BOMBARDMENT MOLECULAR BEAM DETECTOR

Gilbert 0. Brinkr; Cornell Aeronautical Laboratory, Inc.

INTRODUCTION

One of the major instrumental problems associated with molecular

beam research is that of detecting the neutral beam in a quantitative manner.

During the last few years much effort has gone into the development of de-
1-5tectors that ionize the beam by electron bombardment . The ions thus

r7 produced are mass analyzed and the ion current measured by means of an

electron multiplier. The mass analysis is usually carried out by means of

a magnetic mass spectrometer.

There are a number of problems associated with a detector of this

type. First of all it must be able to convert a reasonable fraction of the

incident beam intn detectable ions. co.dly, It must be capable of inject-

ing these ions into the mass analyzer without excessive loss. Thirdly, the

mass spectrometer must have a high transmission, a reasonable resolution,

and not be too sensitive to such things as ion energy spread. It would also

be convenient if the overall detector could be easily moved inside the vac ium

housing.

6
The detector to be described here fulfills all of these conditions.

It operates on a principle similar to that used by Weiss 4 but differs in

mechanical design. The mass analysis is carried out by means of a Paul
7

mass filter and this results in the instrument being more versatile than

those using magnetic mass spectrometers. Although in the work described

here the ion current was measured by means of a Faraday cup, an electron

multiplier could easily be added to reduce the time constant and increase

the sensitivity.

This work was internally supported by the Cornell Aeronautical
Laboratory, Inc.
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DESCRIPTION OF THE DETECTOR

The instrument consists of three main parts: the ionizer, the mass

filter and the ion collector. With the exception of the placement of the fila-

ment the entire instrument is symmetric about the molecular beam axis.

The ionizer is surrounded by a grounded metal cylinder which serves as an

electron reflector and radiation shield. A thorated tungsten filament is

placed between this shield and a grid which operates at a positive potential

so that electrons are accelerated though it. The general construction of the

detector is shown in Figures 1 and 2.

This geometry results in the electrons oscillating many times through

the molecular beam before they are ultimately collected by the grid. The

effective electron current which is available to produce ionization in the

molecular beam is therefore much greater than in any of the previously

described detectors resulting in the observed high detection efficiency. This

high electron current also produces a potential depression on the axis of the

ionizer which effectively traps the beam ions and allows them to pass into

the mass filter with minimal loss.

The four rods of the mass filter operate at a common potential a few

volts less than that at the minimum of the potential well, thus reducing the

ion energy to a value suitable for the operation of the mass filter. Since a

Paul mass filter is not particularly sensitive to ion energy this common

potential is not critical. The mass selected ions are extracted from the

filter by means of a grounded aperture and focused into a collector cup.

This cup could be replaced by an electron multiplier as mentioned above.

A cup was used in this work to avoid the difficulties associated with the

absolute measurement of multiplier gain.

The mass filter dperates at a constant frequency of 1. 00 mc/sec as

determined by a crystal controlled oscillator. This oscillator drives a Class C

RF amplifier which supplies the RF voltage for the rod system. This voltage

can be varied by varying the plate voltage of the amplifier and mass is scanned
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in this manner. The RF voltage is sampled, rectified, and the resulting DC

fed to the rod system as shown in Figure 3. The ratio of this DC voltage to

the RF voltage determines the resolution of the mass filter and this resolu-

tion can be adjusted at will be means of a panel control.

The ability to vary the resolution is a great advantage that this mass

spectrometer possesses over the magnetic type. Since transmission and

resolution are inversely related it is advantageous to use the minimum re-

solution necessary to suitably detect a given beam. Also since the majority

of the background ions are of low mass, it is possible to operate this type of

device as a high pass filter when detecting a heavy beam, thus taking advan-

tage of low resolution and high transmission. It is also possible to use a
.8

second RF voltage to reject an interfering ion 8

The instrument is contained in a stainless steel vacuum housing and

connected with the rest of the molecular beam apparatus by means of a small

hole. The housing is entirely copper gasketed and is pumped by a liquid

nlitrogen bafled oil diffusion pump. With the ionizer operating the background

pressure as read with a nude ionization gauge is about 1 x l0 Torr. The

entire instrument mounts on a stainless steel plate which rolls on ball bear-

ings and can be driven in a direction perpendicular to the beam axis from

outside the vacuum housing, thus allowing the detector to be used to study

beam shape.

OPERATION OF THE DETECTOR

In order to obtain good stability of the detector it is important that

all of the applied potentials be well regulated. The grid potential of the

ionizer is obtained from a John Fluke Model 407D power supply. The

filament is heated with direct current from an emission reg-lator which

samples the grid current and varies the heating current through the filament

so that the electron emission current is kept constant. The RF power supply

for the mass filter is also powered from a 407D power supply and no other

regulation is needed. This supply has been modified so that the bias circuit

supplies a positive accelerating potential for the rod system.
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Typical operating conditions for the detector are shown in Table I.

Although it is possible to obtain increased detection efficiency by raising

the filament temperature the conditions given seem to permit maximum

filament life. The detector appears to be stable over periods of several

days and once it is set to a given mass number it need not be readjusted.

The vacuum system is designed so that the detector remains on at all times

and it is not let up to air except for maintenance.

Filament Current 4. 2 amps

Grid Potential +250 volts

Grid Current 125 ma

Common Rod Potential (V acc) +105 volts

Power Dissipated in Grid 31 watts
-9-

Background Pressure 1 x 10 Torr

Table I

CALIBRATION OF THE DETECTOR

The detector was calibrated by the use of molecular beams of neon,

argon, and krypton whose absolute intensities were known. These intensities

were obtained from a knowledge of the beam geometry and the rate of effusion

from the beam source. Source pressures were measured by a thermocouple

gauge which was calibrated against nitrogen by gas expansion from a known

volume. The primary standard for the pressure measurements was a

mercury manometer. The beam gas was continuously analyzed by means

of a separate mass spectrometer and the total of all impurities is known to

be below 10% for all gases used. The ion current was measured by a Keithley

Model 417 electrometer.
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RESULTS

F- The results obtained with this detector are shown in Table 1. The

data represent a beam on - beam off measurement produced by a beam flag

which physically interrupts the molecular beam. The resolution and the

mass setting of the mass filter were adjusted to produce maximum detected

signal. The potentials on the ionizer were also adjusted to maximize this

isignal. It is possible to detect the beams at lower efficiencies by operating

the mass filter at higher resolution. This is useful in order to identify the

species present in the beam. The resolution of the mass filter may then be

lowered for general use as a detector. This is a feature that magnetic

l spectrometers do not possess.

Detection

Beam Mass Filter Input Beam Ion Output Efficiency
Gas Operation Intensity, atom/sec Current, amp. (Based on

Singly Charged Ions)

Neon Am 1 6.4 x101 0  4.3x10- 1 atom in 2400m

Argon Am 1 10 ato n1
mg -- 2. 5 x 10 1 atom in 600, ~m5

Argon High Pass Filter 2.4 x 101 0  1. 2 x 10 - l l  1 atom in 320
10 -.x 11

Krypton High Pass Filter 1. 2 x 10 2.3 x 10 1 atom in 80

Table II

DISCUSSION

It is apparent from the preceding data that this detector is capable

of detecting a molecular beam with high efficiency. This efficiency appears

to be a direct consequence of the cylindrical geometry and the resulting

effective electron current. As with other electron bombardment detectors

the efficiency in any particular case is dependent on the temperature of the

beam and the ionization cross sections of the species present in the beam.

Thus the actual numerical values presented here should be taken as re-

presentative of the type of operation that may be obtained with this detector.
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The ability to vary the resolution of the detector at will allows the

detection efficiency to be optimized for a given beam. In the case of an

interfering ion a second RF voltage may be applied to reject the interfering

species and the resolution of the detector need not be increased. Thus it is

possible to operate at high transmission and still obtain a good signal-to-

noise ratio.
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